Micronucleus (MN) and nuclear abnormalities (NA) tests were used as biomarkers in the fish Oreochromis niloticus from a polluted pond in winter, spring and summer. Samples of water column were taken aiming to evaluate physical-chemical parameters and acute toxicity to the microcrustacean Daphnia similis. The pond waters were toxic to D. similis in spring and winter, but this toxicity was not detected in summer. The pond waters presented low levels of dissolved oxygen in spring and summer; higher ammonia concentrations in winter, and high hardness and conductivity. Fish collected at the polluted pond exhibited higher rates of DNA damage, as indicated by increased rates of MN and NA in erythrocytes when compared to the negative control, which were associated to water toxicity and physical-chemical variable. Thus, this study shows that results of water toxicity tests and genotoxic biomarkers in fish may be associated and theses approaches may be used together for the water quality assessment.
inTRoduCTion
The aquatic environment receives a variety of organic and inorganic substances from natural or anthropogenic sources, which may induce damages to the aquatic biota at molecular, biochemical, cellular and physiological levels (Rand, 1995) . Thus, these inputs may represent a threat to aquatic ecosystems, to the preservation of ecological processes and to fisheries and aquaculture resources.
The continuous input of pollutants into the environment has led to the development of many different techniques to evaluate and monitor their fate and effects (Rand, 1995) . Sentinel organisms for the biological monitoring of environmental quality provide a sensitive and reliable approach to estimate the potential effects of pollutants (Farrington & Tripp, 1995) . A wide variety of organisms has been used to monitor areas with different pollution levels. Among them, fishes represent excellent experimental models for toxicological studies, providing early warning for pollution-induced environmental changes (Powers, 1989) . According to Harshbarger & Clark (1990) fish are exposed to the xenobiotics in similarly manner as other vertebrates, and may be used to evaluate the potential of some contaminants to produce teratogenic and carcinogenic effects in humans.
Genotoxicity studies using cytogenetic analyses in fish have demonstrated the sensitivity of these organisms (AlSabti & Metcalfe, 1995) . Among the currently available procedures, micronuclei and nuclear abnormalities assays are the most widely applied methods due to its proven suitability for fish species (Al-Sabti, 1991; Cavas & ErgeneGozukara, 2003 , Kirschbaum et al. 2009 ). Micronuclei are cytoplasm chromatin masses with the appearance of small nuclei that arise from chromosome fragments or intact whole chromosomes that lagged behind in the anaphase stage of cell division. Their presence in cells is a result of structural and/or numerical chromosomal aberrations arising during mitosis (Heddle et al., 1991) . Micronuclei assay detects both clastogenic and aneugenic effects and therefore can detect the genotoxicity of a wide range of compounds (Heddle et al., 1991) . Nuclear abnormalities, such as micronuclei and other nuclear malformations, are considered good indicators of cytotoxicity and genotoxicity, respectively (Hose et al., 1987; Metcalfe, 1988; Pacheco & Santos, 1996 , 1997 Sanchez-Galan et al., 1998; Ayllon & Garcia-Vazquez, 2000; Ayllon & Garcia-Vasquez, 2001 , Kirschbaum, et al., 2009 .
In field and laboratory conditions, increased frequencies of micronuclei in fish cells have been observed after exposure to different chemicals and complex mixtures (Al-Sabti & Metcalfe, 1995; Kirschbaum et al., 2009) . However, the presence of cellular and/or cytogenetic effects does not always indicate low environmental quality, since they can be produced by natural stress. Moreover, organisms present efficient repair systems, so that these effects may not affect the organism health at all. Thus, it is necessary to use additional methods to confirm if contamination is effectively impairing the health of aquatic biota.
Along with biomarkers, toxicity tests which are employed to identify responses at population or sub-population levels are also useful to estimate possible disturbances in ecosystems (Chapman & Long, 1983) . Planktonic cladocerans have an important role in the food chain, because they feed on algae and constitute food for secondary consumers. Alterations in the cladocerans natural populations may provide evidences of ecological disturbances and possible effects on the trophic structure of the aquatic ecosystem (Knie & Lopes, 2004 ).
Due to their proximity to cities and other man made structures, reservoirs, creeks, urban ponds and other water bodies commonly receive the discharges of many classes of contaminants, which can affect the biota. In addition to that, aesthetical and recreational attributes are affected by fish mortality, release of sulfides and cyanobacteria blooms (Seriani et al., 2005) The present study aimed to evaluate the quality of the water from Girassol Pond (GP) through the analysis of physicalchemical parameters of the water, toxicity tests with Daphnia similis and the analysis of cyto-genotoxic biomarkers in the fish Oreochromis niloticus.
MaTeRial and MeThods
The study area, Girassol Pond (GP), is located in Santo André, in the State of São Paulo, Brazil (23º37'53"S, 46º31'58.73"W). Due to its proximity to residential areas, this pond receives discharges of domestic effluents and storm water, which eventually result in algal blooms. Despite the lack of previous studies on GP, episodes of massive mortalities of fish are well known and have been already reported, and have been attributed to cyanobacteria like Microcistys aeruginosa, Cylindrospermopsis raciborskii and Anabaena flosaquae (Seriani et al., 2005) .
The renewal of the water in the pond is very low and depends exclusively on pluviometric rates. The pond fauna exhibits low diversity, with Oreochromis niloticus (Cichlidae) as the dominant species. O. niloticus individuals were artificially introduced into GP along with some smaller fish, such as ornamental guppies Poecilia reticulata.
In order to evaluate the effects of pollutants present in GP, healthy organisms obtained from an experimental fish farm were used as the experimental control group for the genotoxic analysis, toxicity tests and physical-chemistry of water. This farm belongs to the Fisheries Institute of the State of São Paulo (Instituto de Pesca do Estado de São Paulo -IP/SAA-APTA). The water conditions in the culture tanks are considered adequate (Boyd, 1990; Conama, 2005) and the fishes were considered healthy ). This farm is used in many different research projects and is considered as a standard in Brazil. Water samples and individuals of O. niloticus were collected in winter, spring and summer in GP. Young fish of comparable age and size to the animals analyzed in the other seasons were not available at the Farm (control) in autumn. Therefore, no sampling was performed in this season.
Surface water samples were collected using buckets, transferred to glass flasks and stored frozen till the beginning of toxicity tests. Before freezing and after thawing, the following physical-chemical parameters of the samples were analyzed according to APHA (2005) : conductivity (µS cm -1 ), temperature (ºC), pH, hardness (mg CaCo 3 L -1 ) and dissolved oxygen content (mg L -1 ). The total ammonia concentration (NH 3 -NH 4 ) was measured by the colorimetric method (Koroleff, 1970) . Unionized ammonia concentrations were estimated by the method reported by Whitfield (1974) , using measured pH, temperature, conductivity and total ammonia data.
Acute toxicity tests with Daphnia similis were conducted with water samples collected concomitantly to the fish. Neonate individuals of D. similis were exposed to the whole samples and immobile organisms were counted after a 48 h exposure. The tests were performed according to the ABNT-12713 protocol (1993) . A dilution series (100%, 50%, 25%, 12.5%, and 6.25%) was tested. Culture water was used to dilute the samples. The choice for using dilutions was based in a pilot experiment which indicated strong acute toxicity of GP waters and allowed the comparison of the toxic potential of waters by the calculation of Effective Concentrations to 50% exposed organisms after 48 h exposure (EC50-48 h), by using the Trimmed Spearman-Karber method (Hamilton et al., 1977) . Besides, the results obtained in each concentration were compared to the control by analysis of variance (ANOVA) followed by Dunnett's test (Zar, 1984) . Significance level (α) was fixed in 0.05.
In each sampling campaign, seven individuals of O. niloticus (Wt= 180 ± 20 g and Lt= 18.0 ± 3 cm) were collected. Before the use, fishes were anesthetized with clove oil 0.04%, prepared by solving 0.4 ml oil in 3.6 mL ethanol and diluting this solution in 1 L distilled water (Delbon, 2006; Kirschbaum et al., 2009 ). Blood samples were taken by caudal punction using previously heparinized needles and syringes. Blood extensions were prepared in glass slides and colored with May-Grünwald-Giemsa (Rosenfeld, 1947; Kirschbaum et al., 2009) . Two thousand cells were analyzed per slide/animal under a compound microscope (1,000 x) and the micronuclei (MN) and nuclear abnormalities (NA) according to Çavas & Ergene-Gözükara (2003; and Kirschbaum et al. (2009) . The cyto-genotoxicity biomarkers were expressed as mean ± standard error (S.E.) and statistical analysis was performed using a two-tailed Student's t-test (control vs. GP) (α= 0.05).
To analyze the existence of relationships between cytogenotoxicity responses and water quality, the data of the three collections were jointly submitted to a non-parametrical ordination analysis (Multi-Dimensional Scaling -MDS) coupled to a Monte Carlo test. This analysis used two data matrices: the first contained the cyto-genotoxicity data, and the second consisted of the water quality descriptors (acute toxicity and physical-chemical parameters). The data were log n -transformed before the analysis.
ResulTs

Water quality: physical-chemical parameters
The water physical-chemical parameters are shown in Table 1 . The pH in GP ranged from 6.6 to 7.6, whereas in the control it ranged from 7.1 to 7.6. In all the sample collections, hardness of GP waters was higher than the controls' in all samples (110-149 and 22-31 mg CaCO 3 L -1 , respectively). Dissolved oxygen content in GP water was variable, ranging from 1.5 to 7.5 mg L -1 , whereas in the control the values were high (5.5 to 6.7 mg L -1 ). The conductivity of GP waters was much higher than that of control waters, reaching values above 400 µS cm -1 . In situ temperatures were variable in GP (20.0 to 26.9 °C) and more homogenous in the controls (20.0 to 22.0 °C). Total ammonia concentrations in GP ranged from 0.25 to 3.96 mg L -1 , with unionized ammonia concentration ranging from 0.01 to 0.07 mg L -1 . In the controls, total and unionized ammonia concentrations were low.
Water toxicity
The toxicity test with D. similis exhibited acute toxicity in GP waters in the winter and spring; acute toxicity was not observed in the summer samples. The conditions in the spring (EC 50-48 h = 77.1%; 95% confidence interval: 70.0 -84.9%) were slightly more toxic than in the winter (EC 50-48 h = 84.1%; 95% confidence interval: 69.7 -101.4%).
Genotoxicity
Micronuclei and Nuclear abnormalities are represented in Figure 1 . Significant differences (p<0.05) between the GP and the control were not observed for MN and NAs in all the studied seasons. As shown by the standard deviations, the MN and NA rates in GP varied greatly, which may explain the absence of differences between GP and controls. However, some not statistically significant trends could be detected and should be mentioned. Fish from GP exhibited measurable rates of NA and MN in summer and spring, whereas in fish from the farm (control) the NA and MN rates were zero.
Multivariate analysis
The Monte Carlo test showed that the stress in real data was smaller than the stress in randomized data. The axis 1 of the MDS was negatively correlated to water pH (-0.44), and positively correlated to hardness (0.58), conductivity (0.63), total and unionized ammonia (0.46 and 0.47, respectively) and water toxicity (0.40). This axis essentially indicated the association between water physical-chemistry and toxicity. Axis 2 showed positive correlation to dissolved oxygen and negative correlations to water hardness (-0.92), conductivity (-0.95), temperature (-0.66), total and unionized ammonia (-0.56 and -0.77, respectively) , water toxicity (-0.73) and Micronuclei rates (-0.59). The axis 2 showed the association between water physical-chemical factors, toxicity and genotoxic effects. The MDS correlations are showed in the Table 2 . Regarding to the sampling stations, all the GP campaigns were negatively associated to axis 2, whereas the winter and summer controls were also associated to the axis 2 of the MDS and the spring was negatively associated to axis 1 (Fig. 2) .
Thus these results show the existence of an association of the biological responses in nuclear markers and water toxicity and physical-chemical parameters (ammonia, conductivity, hardness).
When the MDS is interpreted together with the result of each analyzed variable, it is possible to see that controls and GP campaigns were clearly separated. Water conditions are clearly different between sites, occurring acute toxicity in GP during spring and winter. Blood of fishes seems to respond to such differences, and animals from GP exhibit higher MN rates. niloticus from Girassol Pond and control.
Discussion
In environmental monitoring, is desirable the use of biological methods that are easy, cheap and strongly related to contaminant levels. However, these biological methods exhibit a wide natural variability and are influenced by several natural factors, which may difficult the data interpretation. In such cases, it is important not only to compare each set of data, but if possible, apply mathematic or statistical techniques that allow an overall analysis of the whole dataset (Chapman, 1990) .
In the present study a strong association between the water quality and the chosen biomarkers (MN and NA) and acute toxicity for D. similis was observed. The relationship between water toxicity, ammonia and conductivity suggests that contaminants associated to sewage affected the water quality.
Conductivity was higher in the dry season (e.g., winter) and lower in the wet season (e.g. summer), which suggests that temporal variations in this variable can be attributed to pluviometric precipitation rates: the higher the precipitation rate, the higher the pond's capability to dilute ions. Similar diluting phenomenon during rainy period was observed in urban water bodies (Abessa, 2003) , causing decrease in conductivity and ions concentrations (Cruz et al., 2007) . A similar phenomenon may have occurred for ammonia, for which higher concentrations were observed in the dry season. Moreover, the association of toxicity and biological responses to water hardness suggests that natural factors can influence such responses or that CaCO 3 is discharged into the lake with the sewage. Therefore, further studies are required to explain this.
Moreover, although not demonstrated, the MN rates followed the same trend exhibited by water toxicity, i.e., when the GP waters were toxic MNs were present in O. niloticus. Although the MN rates in O. niloticus from GP were not very high when compared to the literature (Al-Sabti & Metcalfe, 1995; ErgeneGözükara, et al. 2001 ) they were absent in clean conditions. NA rates, on the other hand, did not exhibit significant differences between GP and control fish, or even along time, but exhibited a trend similar to that shown by the MN.
According to many authors (Hooftman & de Raat, 1982; Hose et al., 1987; Pacheco & Santos, 1997; Ayllon & GarciaVazquez, 2000; Ayllon & Garcia-Vazquez, 2000; Gravato & Santos, 2002; Kirschbaum et al., 2009 ) the observation of variations in the nucleus shape could represent an alternative approach to detect cyto-genotoxicity. Preliminary observations strongly suggest that such morphological alterations may be a manifestation of the effects of xenobiotics (Ayllon & GarciaVazquez, 2000; Gravato & Santos, 2002; Kirschbaum, et al., 2009) . It has been suggested that in genotoxicity studies with fish, both alterations in nuclear morphology and micronuclei number should be considered when using the micronuclei test (Al-Sabti & Metcalfe, 1995; Pacheco & Santos, 1997; Ayllon & Garcia-Vazquez, 2000; Gravato & Santos, 2002; Kirschbaum et al., 2009) . Recently, nuclear abnormalities (NA) in erythrocytes were considered a useful parameter for assessing the genotoxic effects of environmental pollutants in fish, and have been applied with success in different species such as Anguilla anguilla (Pacheco & Santos, 1997) , Dicentrarchus labrax (Gravato & Santos, 2002) , Oncorhynchus mykiss (Ayllon & Garcia-Vasquez, 2001 ) and Centropomus parellelus (Kirschbaum et al., 2009) . According to Metcalfe (1988) ; Pacheco & Santos (1996; 1997; Sanchez-Galan et al. (1998) ; Ayllon & Garcia-Vazquez (2000) and Kirschbaum et al. (2009) , these alterations of the nuclear morphology may be considered of genotoxic origin. The correlation of NA and MN rates with water toxicity, conductivity and ammonia concentrations suggests that such increased NA and MN rates in fish from GP may be caused by contaminants (including the ammonia itself). Several classes of contaminants are frequently associated to sewage, as ammonia, metals, sulphur, nitrates and nitrites, oil and greases, suspended solids and detergents, among others (Abessa et al., 2005; Pereira et al., 2007) . The biochemical metabolic ways to detoxify contaminants sometimes may produce reactive oxygen species (ROS) and cause membrane lipo-peroxidation (Livingstone, 2001) . Thus, affected membranes may allow the contaminants to reach the nucleus, deeming the DNA more susceptible to contaminants.
Since O. nilotucus is frequently cultured in Brazilian rivers, reservoirs and artificial tanks ("floating-cage" systems), biomarker studies with this species can be easily integrated with toxicity bioassays in wide programs for monitoring water quality.
In summary, cytogenotoxic effects in O. niloticus were associated to toxicity and physical-chemical changes in waters from GP, indicating that this environment is degraded and does not present suitable conditions for aquatic life. 
